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h i g h l i g h t s
 OMEGA deployed in the marine environment is subject to biofouling.
 Biofouling differed on the clear and opaque plastics of photobioreactors (PBRs).
 Rectangular and tubular PBRs had similar biofouling patterns—mostly on wetted sides.
 Biofouling attenuates light, decreases algae productivity, requires cleaning.
 The OMEGA system will be a ﬂoating reef in coastal waters.a r t i c l e i n f o
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The inﬂuence of PBR composition [clear polyurethane (PolyU) vs. clear linear low-density polyethylene
(LLDPE) (top) and black opaque high-density polyethylene (bottom)] and shape (rectangular vs. tubular)
on biofouling and the inﬂuence of biofouling on algae productivity were investigated. In 9-week exper-
iments, PBR biofouling was dominated by pennate diatoms and clear plastics developed macroalgae.
LLDPE exhibited lower photosynthetic-active-radiation (PAR) light transmittance than PolyU before bio-
fouling, but higher transmittance afterwards. Both rectangular and tubular LLDPE PBRs accumulated bio-
fouling predominantly along their wetted edges. For a tubular LLDPE PBR after 12 weeks of biofouling, the
correlation between biomass, percent surface coverage, and PAR transmittance was complex, but in gen-
eral biomass inversely correlated with transmittance. Wrapping segments of this biofouled LLDPE around
an algae culture reduced CO2 and NH3-N utilization, indicating that external biofouling must be
controlled.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Strong environmental, social, ethical, and economic incentives
support the development of biofuels as a sustainable alternative
to petroleum-based liquid fuels (Caspeta et al., 2013; Running,
2012; Tillman et al., 2009). Microalgae appear to be the most
promising of the many different feedstocks for making biofuels,particularly if cultivation is coupled to wastewater treatment
(Brennan and Owende, 2010; Pittman et al., 2011), which signiﬁ-
cantly improves the overall economics of the system (Beal et al.,
2012; Lundquist et al., 2010). To avoid the excessive costs of pump-
ing water long distances, however, algae cultivation facilities must
be close to existing wastewater plants (Fortier and Sturm, 2012).
Unfortunately, most cities cannot build traditional algae-cultiva-
tion ponds or ‘‘raceways’’ in proximity to existing treatment plants,
because they are surrounded by urban infrastructure that would be
prohibitively expensive to move or modify. Coastal cities, however,
could use the proposed OMEGA system, in which ﬂoating photobi-
oreactors (PBRs) are ﬁlled with municipal wastewater from off-
shore outfalls, meeting the requirement for proximity without
disrupting urban infrastructure (Trent et al., 2012). Furthermore,
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fertilizer.
The OMEGA system has a number of additional advantages over
land-based algae cultivation systems. For example, because the
wastewater-ﬁlled PBRs ﬂoat offshore, they are surrounded by sea-
water, which provides buoyancy for structural support, a heat-sink
to prevent overheating [a major PBR problem on land (Carvalho
et al., 2006)], and creates a containment system; i.e., the cultivated
freshwater algae cannot thrive in seawater if they accidentally leak
out. Furthermore, the salt gradient between seawater and waste-
water can be used for forward osmosis (FO)—a process that re-
moves clean water from the PBRs (Buckwalter et al., 2013). FO
concentrates both nutrients in the wastewater, which stimulates
algae growth, and algae, which facilitates harvesting. Moreover,
FO cleans the wastewater, creating opportunities for capturing
and reusing the otherwise wasted water (Claxton and Trent, per-
sonal communication).
To be implemented successfully, OMEGA must overcome a
number of challenges, one of which is the biofouling that inevita-
bly occurs on any exposed surface in the marine environment
(Durr and Thomason, 2010). The rate and extent of biofouling de-
pends on the nature of the surface, the location, and local condi-
tions, such as depth, currents, water clarity, season, and extant
biology. The process of biofouling is dynamic and frequently
sequential (Briand et al., 2012; Zardus et al., 2008) with chronolog-
ical steps that reportedly include: (1) the formation of an organic
coating on the exposed surface, (2) microfouling with colonies of
bacteria, cyanobacteria, protists, diatoms, and other unicellular al-
gae, and (3) macrofouling with ﬁlamentous cyanobacteria, multi-
cellular algae, and invertebrates (Bravo et al., 2011; Railkin, 2004).
The negative consequences of biofouling include increased drag,
decreased buoyancy, accelerated degradation or corrosion, im-
paired function, and signiﬁcant costs associated with equipment
maintenance, repair, or replacement (Edyyean, 2010; Schultz
et al., 2010). Furthermore, PBRs require light to support algae
growth and biofouling can inﬂuence both the quantity and quality
of light that penetrates transparent PBR materials that provide nat-
ural light (Brush and Nixon, 2002; Wong et al., 2011) or critical re-
gions of optical ﬁbers that have been suggested for distributing
light inside PBRs (Xue et al., 2013). There has been considerable re-
search into the prevention and remediation of biofouling, using
coatings, textures, and various cleaning methods (Inglis et al.,
2012). Some of these antifouling methods have adverse environ-
mental impact, although others, based on biomimicry non-toxic
chemicals, or mechanical treatments are effective and relatively
benign for the environment (Callow and Callow, 2011; Bixler and
Bhushan, 2012).
It will be possible to use established antifouling methods on
most OMEGA components, such as ﬂoating docks, moorings, pipes,
and pumps (Dobretsov and Thomason, 2011). It is not clear, how-
ever, what biofouling will develop on OMEGA PBRs, its impact, and
which, if any, antifouling methods will be applicable. Some meth-
ods for the control or removal of biofouling from marine equip-
ment with transparent optical windows may be applicable to
rigid PBRs, but not necessarily to the ﬂexible plastic materials
and speciﬁc designs proposed for OMEGA PBRs.
To address the question of biofouling on OMEGA PBRs we con-
sidered: (1) the identity of the biofouling organisms that attach to
candidate PBR plastics; (2) the inﬂuence of PBR design and shape
on the distribution and accumulation of biofouling; (3) the correla-
tion between biofouling biomass, surface coverage, and light trans-
mittance; and (4) the impact of biofouling on algae cultures inside
the OMEGA system. Although biofouling will be site speciﬁc, these
results provide a general understanding of the biofouling issues re-
lated to OMEGA and provide insights into methods to mitigate
their effects.2. Methods
Experiments were conducted to investigate: (1) the impact of
selected PBR plastics on biofouling (experiment 1, referred to as
‘‘PBR plastic’’), (2) the impact of PBR shape on biofouling (‘‘PBR
shape’’), and (3) the impact of biofouling on algae productivity in-
side PBRs (‘‘algae productivity’’). The experiments were conducted
at two different sites and used overlapping methods.2.1. Experimental sites and algae cultures
Experiments were conducted in the Monterey Bay area in Cali-
fornia between September 2010 and February 2012. Experiment 1
(PBR plastics) and experiment 3 (algae productivity) were con-
ducted at the California Department of Fish and Wildlife (CDFW)
Marine Wildlife Veterinary Care and Research Center (Lat:
36 570 1300, Long: 122 30 5600) using 950-liter and 8800-liter
tanks ﬁlled with sand-ﬁltered seawater refreshed at a rate of
approximately 100 liters min1. Experiment 2 (PBR shape) was
conducted at Moss Landing Harbor, Moss Landing (Lat: 36 480
600, Long: 121 470 1300) using the dock and facilities provided by
Moss Landing Marine Laboratories.
An inoculum culture used in experiment 3 (algae productivity),
dominated by Scenedesmaceae,was maintained in the laboratory in
BG-11 medium (American Type Culture Collection) in shaker ﬂasks
at 22 C in a lighted incubator with agitation and supplementary
CO2. The inoculumwas added to PBRs containing treated wastewa-
ter [ﬁnal plant efﬂuent (FPE)] obtained from the Santa Cruz Waste-
water Treatment Facility.2.2. PBR plastics and PBR construction
The plastics for PBRs were either obtained as sheets and cut and
welded in the laboratory using an AIE double impulse foot heat
sealer (Industry, CA) or custom ordered from Raven Industries
(Sioux Falls, SD). For experiment 1 (PBR plastics), two types of hex-
agonal PBRs (25 cm across) were made in the laboratory. The ﬁrst
was made of 0.2-mm non-permeable clear polyurethane (PolyU)
obtained from American Polyﬁlm (Branford, CT). The second was
made from 0.5-mm translucent linear low-density polyethylene
(LLDPE) (top layer) and 1-mm black opaque high-density polyeth-
ylene (HDPE) (bottom layer) obtained from Gundle/SLT Environ-
mental Inc (GSE Lining Technology, LLC, Houston, TX) or from
Raven Industries. All hexagonal PBRs had a bulkhead ﬁtting
(3.75 cm diameter) in the bottom center for ﬁlling and to access
the upper layer for periodic photosythetically active radiation
(PAR) light transmittance measurements (see below).
For experiment 2 (PBR shape), rectangular (ﬂat panel) and tubu-
lar PBRs were purchased from Raven Industries. The ﬂat-panel
PBRs (9.5 m  1.3 m) were made of 0.5-mm translucent LLDPE
(top) and opaque black 1.0-mm LLDPE (bottom). The tubular PBRs
(0.20 m diameter  9.1-m length) were made of translucent (clear)
0.38-mm LLDPE tapered at the ends to 11.4 cm to allow attach-
ment to polyvinyl chloride (PVC) pipes, which were used to secure
the PBRs to the dock. Buoyancy for both ﬂat-panel and tubular
PBRs was provided by high-density foam ﬂoats and by ﬁlling the
PBRs with freshwater. PBRs ﬁlled through bulkhead ﬁttings was
facilitated by air vents.
For experiment 3 (algae productivity) tubular LLDPE PBRs were
recovered from Moss Landing Harbor after 12 weeks of exposure
by cutting them into ﬂat sheets and transporting them wet from
Moss Landing to Santa Cruz. Two separate PolyU PBRs were con-
structed immediately before the experiments and installed in the
OMEGA system using cultures grown on FPE as described above.
Two segments of the LLDPE PBRs from Moss Landing, which were
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ing intact (experimental) and the other cleaned with a brush and
freshwater (control). The biofouled and cleaned LLDPE segments
were wrapped around the PolyU PBRs and secured on the under-
side using plastic tie-wraps to monitor the impact of biofouling
on algae growth. The sheets were switched after 3 days to conﬁrm
that observed differences in the cultures were due to the wrapping
sheets and not to differences in the cultures themselves. Both
sheets were removed brieﬂy on day 5 to shake and homogenize
the two cultures.
2.3. Identiﬁcation of biofouling organisms
In experiment 1 (PBR plastic), all PBRs were observed weekly
for 9 weeks. The major groups of organisms were identiﬁed using
a Leica MZ125 dissecting microscope (Leica Microsystems GmbH,
Wetzlar, Germany) or a Leica DMRX compound microscope. The
relative abundances of organisms on PBRs were estimated, but
not systematically quantiﬁed.
2.4. Photosynthetically active radiation (PAR) light transmittance
PAR was measured simultaneously in air and through PBR plas-
tics with Li-COR Li-190 and Li-192 Quantum Sensors and the Li-
1400 Datalogger (Li-COR Biosciences, Lincoln, NE). Transmittance
(T) of the plastic was calculated using the equation T = I/I0, where
I0 is the intensity of the incident radiation in air and I is the inten-
sity of the radiation passing through the experimental plastic.
In experiment 1 (PBR plastic), transmittance of top layers was
measured before the twelve hexagonal PBRs were exposed to sea-
water and weekly after deployment in the seawater tank for
9 weeks. For PolyU PBRs, transmittance was also measured
through both top and bottom layers in regions with external foul-
ing intact and through cleaned (2.5 cm  2.5 cm) regions; the mea-
surements were compared using paired t-tests (SigmaPlot, Systat
v.12, San Jose, CA). For LLDPE/HDPE and PolyU PBRs transmittance
was measured through the LLDPE top layer by inserting the PAR
sensor through the bulkhead ﬁtting.
Transmittance was also measured through the cut LLDPE PBR
sheets, both biofouled and cleaned, used in experiment 3 (algae
productivity). Such measurements were made in twelve locations
along each of three transects across the width of the sheets. The
three transects represented regions that were estimated to contain
high, low, and intermediate levels of biofouling.
2.5. Biofouling surface coverage and biomass accumulation
Experiment 2 compared the biofouling distribution and accu-
mulation on two widely used PBR shapes: (1) a rectangular ‘‘ﬂat
panel’’ shape and (2) a tubular shape (described in Section 2.2
above). On both shapes weekly samples were taken from within
reference grids, during consecutive 9-week periods, August to
November 2011 for the ﬂat-panel PBR and November 2011 to Jan-
uary 2012 for the tubular PBRs. The grid for the ﬂat-panel PBR was
a 70 cm  70 cm PVC frame, divided into 10 cm  10 cm squares
with monoﬁlament. The grid for the tubular PBRs was a
61 cm  61 cm section of ﬂexible plastic fencing material divided
into twelve rows of 5 cm  4.75 cm rectangles and wrapped
around a section of the PBR lifted out of the water with oars. The
grid was removed from both ﬂat-panel and tubular PBRs after each
sampling and undisturbed areas were sampled at each time point.
The percent surface coverage was calculated from digital photo-
graphs (Olympus FE-310, 8-megapixel) of regions undisturbed by
sampling. For the ﬂat-panel PBR, the top (east and west sides)
and the bottom were photographed. For the tubular PBR, photo-
graphs of two rows were taken around the circumference of thePBR. All photographs were optimized for color, contrast, and satu-
ration thresholds and analyzed with ‘‘ImageJ’’ software (National
Institutes of Health, Bethesda, MD). Two to six photographs were
analyzed for each sampling, depending on the quality of the
photographs.
Biomass was sampled from both grids by scraping biofouling
material within a grid square into a clean 50-ml Falcon tube for
transport to the laboratory. The biomass was transferred to pre-
weighed foil trays or glass microﬁber ﬁlters (0.45 lm pore size;
Whatman, Springﬁeld Mill, UK), dried and stored in a desiccator,
and weighed on an analytical balance (Ohaus, Parsippany, NJ).2.6. Biofouling impact on PBR function
In experiment 3 (algae productivity) the impact of biofouling on
algae was determined for algae growing on FPE wastewater in an
OMEGA system developed at CDFW operating between January
27 and February 4, 2012 (for details of the system see: Wiley
et al., 2013). Two 120-liter algae cultures were contained in newly
constructed PolyU PBRs ﬂoating in a seawater tank. The cultures
circulated at 75 liters min1 with 10% of the system volume pass-
ing through a gas exchange and harvesting column (GEHC) (Wiley
et al., 2013). The PolyU PBRs were wrapped with segments of the
LLDPE PBR recovered from Moss Landing Harbor with either
12 weeks of biofouling intact or cleaned by brushing. The two
sheets wrapped around the PolyU PBRs were secured on the bot-
tom with tie-wraps.
The system was monitored for pH, temperature, optical density
(OD750), NH3-N, NO3-N, and reactive PO43 (Wiley et al., 2013). The
CO2 injection rates were monitored and the totalized or cumulative
use of CO2 was recorded every three minutes. A fast repetition rate
ﬂuorometer (FRRF) was used to determine the efﬁciency of light
utilization (Fv/Fm), the photosynthetic quantum yields, and the
rates of photosynthetic electron transport (Kolber et al., 1998),
providing information about the photosynthetic performance of
the culture in real time. Fv/Fm data range from 0.0 to 0.7, with
>0.5 indicating lack of any signiﬁcant photosynthesis stressors.
To conﬁrm that the observed effects were the result of the
LLDPE wraps and not variations in the algae cultures themselves,
on day three the wraps were exchanged; the biofouled plastic
was moved to the PBR previously wrapped with the cleaned plastic
and vice versa. To suspend settled algae and homogenize the two
cultures, on day 5 of the experiment, the wraps were temporarily
removed, the PolyU PBRs were manually shaken, the two cultures
were intermixed until equilibrated (OD750), and the wraps were
reattached.3. Results and discussion
3.1. Identiﬁcation of biofouling organisms
To determine the impact of possible OMEGA plastics on the
diversity of biofouling, 12 hexagonal PBRs made of PolyU, LLDPE,
and HDPE were sampled weekly on top and bottom. Brown bio-
ﬁlms developed in the ﬁrst week and persisted on all PBRs
throughout the experiment. These bioﬁlms were the only notice-
able biofouling on the opaque HDPE, but ﬁlamentous green macro-
algae developed on the clear PolyU and LLDPE plastics and was
abundant by week 9.
Using microscopy, the dominant groups of organisms were
identiﬁed (Table 1). The brown bioﬁlms were predominantly pen-
nate diatoms and cyanobacteria. The pennate diatoms were pre-
dominantly in the genera Navicula and Achnanthes, and the
cyanobacteria were ﬁlamentous forms in the genera Blennothrix
and Schizothrix. Pennate diatoms and cyanobacteria were present
Table 1
The dominant biofouling organisms on hexagonal PBRs made of clear polyurethane (PolyU) or clear linear low-density polyethylene (LLDPE) (top) and opaque (black) high-
density polyethylene (HDPE) (bottom) in 9 a week seawater tank experiment. Dominant taxa are in bold and other taxa are listed in descending order of surface area coverage
(weeks 1 and 2 were excluded due to low biofouling).
Plastic Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9
PolyU  Cyanobacteria
 Pennate
diatoms
 Ulva intestinalis
 Cyanobacteria
 Pennate
diatoms
 U. intestinalis
 Pennate
diatoms
 Cyanobacteria
 U. intestinalis
 Pennate diatoms
 U. intestinalis
 Cyanobacteria
 Prasinocladus
marinus
 Pennate
diatoms
 U. intestinalis
 Cyanobacteria
 P. marinus
 Ulva lobata
 U. intestinalis
 Pennate
diatoms
 Cyanobacteria
 U. lobata
 U. intestinalis
 Pennate
diatoms
 Cyanobacteria
 U. lobata
LLDPE  Cyanobacteria
 Pennate
diatoms
 Pennate
diatoms
 Cyanobacteria
 U. intestinalis
 Pennate
diatoms
 Cyanobacteria
 U. intestinalis
 Pennate diatoms
 Cyanobacteria
 U. intestinalis
 P. marinus
 Pennate
diatoms
 U. intestinalis
 Cyanobacteria
 P. marinus
 Pennate
diatoms
 U. intestinalis
 Cyanobacteria
 Pennate
diatoms
 U. intestinalis
 Cyanobacteria
 P. marinus
HDPE  Pennate diatoms  Pennate diatoms  Pennate diatoms  Pennate diatoms  Pennate diatoms  Pennate diatoms  Pennate diatoms
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samples pennate diatoms were dominant. The unique abundance
of pennate diatoms on the bottom of the opaque-black HDPE
may be attributed to the limited light available—a condition under
which they are known to thrive [for review see (Molino and Weth-
erbee, 2008)].
The green macroalga Ulva intestinalis (Linnaeus) was conspicu-
ous on the tops and bottoms of the clear PolyU PBRs starting in
week 3, and on the clear tops of LLDPE PBRs starting in week 4 (Ta-
ble 1). In week 6, the microalga Prasinocladus marinus (Cienkowski)
appeared as a thin green layer on both PolyU and LLDPE PBRs,
although it remained a minor component of the total biofouling
assemblage. In week 7, both Ulva intestinalis and U. lobata (Kützing)
were present on PolyU PBRs, whereas U. intestinalis dominated
LLDPE PBRs. By the end of week 9, the top layers of PolyU PBRs
were noticeably more biofouled with macroalgae than the top sur-
faces of the LLDPE PBRs.
3.1.1. Change in PAR light transmittance
The hexagonal PBRs were also used to measure changes in PAR
light transmittance (Fig. 1). Before biofouling, the transmittance in
air of PolyU was 97% and of LLDPE was 92% (the photometer probes
were calibrated in air to 100% transmittance) (Fig. 1, time 0; Pol-
yU = grey bars; LLDPE = black bars). In the seawater tank, transmit-
tance decreased with time for both plastics, but notably more for
PolyU than for LLDPE. The transmittance reached its lowest value
for PolyU in weeks 5–7 with an average overall decrease of 34%Fig. 1. Percent transmittance of photosynthetically active radiation (PAR) through hexag
were made through the top layers of PBRs with ‘‘week 0’’ the unbiofouled transmittance
distribution of biofouling on the top of the PBRs (mean ± standard error; n = 3).(Fig. 1, grey bars), whereas the lowest value for LLDPE transmit-
tance was in week 3 with an average decrease of <10% (Fig. 1, black
bars). Although the patchy distribution of biofouling created a high
standard deviation, the average transmittance of PolyU was signif-
icantly lower than that of LLDPE in weeks 7 and 8 (Student t-test,
week 7: p = 0.04; n = 6, and week 8: p = 0.02; n = 6).
To determine the relative contributions of biofouling and UV-
induced plastic ‘‘aging’’ to changes in PolyU PAR transmittance
small regions of the PolyU PBRs were carefully cleaned with a
washcloth and probed for transmittance throughout the 9-week
experiment. The results indicated that no signiﬁcant changes oc-
curred in the PolyU plastic itself during that time period (Student
t-test, p = 0.58; n = 6); the change in transmittance was entirely
due to biofouling.
The experiment was limited to 9 weeks because this period was
considered to be a reasonable PBR cleaning cycle. Published studies
with polyoleﬁn plastics, which included LLDPE, indicate that con-
tinuous biofouling for 1 year signiﬁcantly inﬂuences material prop-
erties of the plastic (such as surface roughness, weight, surface
charges, and tensile properties) (Sudhakar et al., 2007), suggesting
that PAR transmittance may also be affected, although it was not
measured. It remains to be determined if repeated fouling and
cleaning cycles would similarly degrade LLDPE plastic in a way that
would inﬂuence its function as a PBR. Also, previous studies
showed that PAR was signiﬁcantly reduced by biofouling by color
morphs of sponges and tunicates growing as epiphytes on eelgrass
(Wong and Vercaemer, 2012); earlier work showed that other epi-onal PBRs made of PolyU (grey column) and LLDPE (black column). Measurements
relative to air, which was set to 100%. The variance in weeks 2–9 reﬂects the patchy
424 L. Harris et al. / Bioresource Technology 144 (2013) 420–428phytes also caused selective light attenuation [for review see:
Brush and Nixon, 2002)].
Although PolyU initially had a slightly higher PAR transmittance
as compared to LLDPE, PolyU had more fouling, was more difﬁcult
to clean, and cost signiﬁcantly more than LLDPE. Hence, later
experiments to determine the inﬂuence of PBR shape on biofouling
used PBRs constructed from LLDPE.3.2. The inﬂuence of PBR shape on biofouling
3.2.1. Biofouling surface coverage and biomass accumulation
To determine the impact of PBR shape on biofouling, two typical
PBR designs, rectangular (ﬂat-panel) and tubular, were made of
LLDPE and deployed in Moss Landing Harbor (see Section 2.2 for
design details). The goal was to determine the rates of accumula-
tion, density, and distribution of biofouling on each shape, not to
compare the shapes directly—they were not deployed concur-Fig. 2. Biomass vs. percent surface coverage (A), biomass vs. percent PAR transmittance
points on a PBR recovered fromMoss Landing Harbor after 12 weeks of biofouling. For cla
lettered points indicate the results for each sampling site. The solid and dotted lines
(mean ± SD, n = 36).rently. Biofouling was periodically photographed for image analy-
sis to determine surface coverage or sampled by scraping deﬁned
regions within a reference grid to determine biomass.
On both PBR shapes, biofouling was predominantly along the
wetted edges extending a short distance underwater and into a
splash zone above the waterline. For the 1.3-m-wide ﬂat-panel
PBR most biofouling accumulated within 10 cm of the edge, nota-
bly less accumulated between 20 and 30 cm from the edge, and lit-
tle to none accumulated more than 30 cm from the edge toward
the center of the PBR. For the tubular PBR, the biofouling accumu-
lated along the submerged sides and diminished toward the cen-
tral top region. For both shapes, this distribution was attributed
to patterns of wetting, periodic drying, and exposure to UV light,
all factors known to impact biofouling (Bravo et al., 2011).
Image analysis of photographs indicated that, during the 9-
week experiment, the percent surface coverage of biofouling was
occasionally greater on the east edge of the ﬂat panel PBRs, but(B) and percent surface coverage vs. transmittance (C) were measured at each of 24
rity, data points are grouped with different symbols and outlined. The numbered and
in (B) and (C) represent percent transmittance of the PBR cleaned of biofouling
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side of the ﬂat-panel PBR after 1 week 30% of the surface was cov-
ered and by 9 weeks 68%. In contrast, on the west side it took
4 weeks to reach 39% coverage and by 9 weeks there was 66% cov-
erage. On the bottom of the ﬂat-panel PBR, during the ﬁrst 2 weeks
biofouling was undetectable; by week 3, however, it reached 10%
coverage, and by week 9 it was 81% coverage.
For the tubular PBRs, over the 9-week period the surface cover-
age was calculated from photographs for six equal-size regions
around the circumference of the PBRs (top, bottom, and two re-
gions on each side). The coverage ranged from 0.2% to 96.2%. By
week 3, there was detectable biofouling around the full circumfer-
ence of the PBRs and in one upper-side region the coverage was
>70%. In all seven weeks of photos analyzed (weeks 3–9), there
were regions around the circumference of the PBRs that exceeded
70% coverage. In six out of the seven, the top region had the lowest
surface coverage; only in week 9, the coverage was lowest on two
of the side regions. In weeks 7 and 8, ﬁve out of six of the regions
around the circumference exceeded 70% coverage.
The biomass accumulation on PBRs, based on scrapings and dry
weights of recovered material, ranged from 0 to 37.8 mg cm2 on
the ﬂat-panel and from 0 to 18.5 mg cm2 on the tubular design.
Although the greatest biomass accumulation was observed in week
9, the measurements were highly variable because of the patchy
biomass distribution along the length of the PBR. As expected from
the results with the small hexagonal PBRs, relatively little biomass
accumulated on the bottom of the ﬂat-panel PBR (made of opaqueFig. 3. Biomass distribution (A) and percent transmittance (B) along transects across clea
(see Fig. 4). The recovered tubular PBR was cut along the bottom between positions 6 a
Biomass was sampled from along three transects in regions identiﬁed as the most fouled
and cleaned regions. Data represent mean ± 1 standard deviation, n = 3.black LLDPE), although a bioﬁlm of pennate diatoms was ubiqui-
tous and barnacles and bryozoans were abundant. Biomass was
not quantiﬁed in this region, but surface-area coverage was and
found to be high.
3.3. Biofouling impact on PBR function
The impact of biofouling on algae productivity inside tubular
PBRs ﬂoating in a seawater tank with circulating wastewater and
a gas-exchange column (Wiley et al., 2013) was determined by
wrapping these PBRs with sheets of biofouled or cleaned LLDPE
PBRs. The biofouled (experimental) and cleaned (control) sheets
were made from a PBR recovered from Moss Landing Harbor after
12 weeks of exposure. Before the OMEGA PBRs were wrapped, the
biofouled PBR segment was sampled to measure biomass density
and photographed to calculate percent surface coverage; both the
biofouled and cleaned segments were probed to determine PAR-
light transmittance.
3.3.1. Correlations between biomass, percent surface coverage, and
PAR light transmittance
To correlate biomass density, percent surface coverage, and
PAR-light transmittance, all three parameters were measured on
the 12-week biofouled PBR at 24 locations along two transects
within 5 cm  4.75 cm sample areas. The data are shown in
Fig. 2A–C with the points numbered or lettered to indicate the cor-
related data for each speciﬁc location (i.e., triangle ‘a’ refers to thened and biofouled LLDPE sheets cut from PBRs recovered from Moss Landing Harbor
nd 5, creating a sheet with position zero at the center, which was the top of the PBR.
, least fouled, and average. Percent PAR transmittance was determined in biofouled
Fig. 4. Effects of biofouled and cleaned sheets wrapped around algae cultures in PBRs from an OMEGA system. Measurements of total CO2 utilization (A), changes in pH (B),
rate of ammonia consumption (C), and photosynthetic efﬁciency (Fv/Fm) (D) were taken during an 8-day experiment with the day/night cycle indicated at the bottom. The
conﬁguration for days 1–3 for the biofouled-wrapped culture (red curve) and cleaned-wrapped culture (blue curve) was switched for days 4–8, indicated as biofouled-
wrapped culture (blue curve) and the cleaned-wrapped culture (red curve). On day 5, the contents of the two PBR systems were shaken and intermixed to homogenize the
culture.
426 L. Harris et al. / Bioresource Technology 144 (2013) 420–428same region in Fig. 2A–C). To identify trends, the data are grouped
into three categories designated by different symbols and outlined.
In one category (squares), consistently low biomass densities
(<5 mg cm2) correlated with surface coverage ranging from 9%
to 53% (Fig. 2A) and transmittance of 30–55% (Fig. 2B and C:
squares). In a second category (circles), biomass density between
3 and 18 mg cm2 correlated with surface coverage of 47–85%
(Fig. 2A) and with transmittance of 3–30% (Fig. 2B and C: circles).
In the third category (triangles), a wide range of biomass densities
(7 to 57 mg cm2) correlated with >85% surface coverage (Fig. 2A)
and in all cases low (<5%) transmittance (Fig. 2B and C: triangles).
The results indicate that for biofouling with high biomass den-
sities (>25 mg cm2) and high surface coverage (>90%), light trans-
mittance was low (<5%) (Fig. 2: triangle points c–h). Conversely,
the lowest biomass and the lowest percent surface coverage corre-
sponded with the highest transmittance (Fig. 2: squares). However,
at low biomass densities (<15 mg cm2) and high surface coverage
(>89%), the light transmittance can also be low (Fig. 2: triangles a,
b, i) because of thin ﬁlms that absorbed light well. At biomass den-
sities < 20 mg cm2 and percent coverage ranging from 47% to 87%,
transmittance was occasionally below 30% (Fig. 2: circles). In gen-eral, both biomass and percent surface coverage were inversely
correlation with PAR transmittance, but there were many excep-
tions as a result of thin, light-absorbing ﬁlms or thick, dispersed
clumps.
The cleaned LLDPE PBR had PAR transmittance of 51% ± SD 7%
(n = 36) (Fig. 2B and C), which was signiﬁcantly lower than the ini-
tial transmittance of 83% ± 0.04% of the LLDPE. It was not deter-
mined if this 32% decrease was the result of changes in the
surface caused by biofouling, the harsh brushing used for cleaning,
and/or weather-induced changes in the plastic during the 12-week
exposure.
To quantify the biofouling distribution around the circumfer-
ence of the PBR at 12 weeks, biomass and PAR transmittance were
measured at twelve locations along three transects across the ﬂat-
tened PBR segment (Fig. 3). The biomass samples were taken from
regions visually determined to contain the highest and lowest bio-
mass densities on the PBR segment. Relatively low biomass was
present in the region corresponding to the top (Fig. 3A: position
‘0 ± 1’) and the bottom of the PBR (Fig. 3A: positions 5 ± 1 and
4 ± 1). The biomass was highest in the regions corresponding to
the sides (Fig. 3A: positions 3 to 1 and 1 to 3). The biomass
L. Harris et al. / Bioresource Technology 144 (2013) 420–428 427was symmetrically distributed in the region with the least biofoul-
ing and skewed to one side in the region with the most biofouling.
In general, average transmittance was inversely related to the
biomass. Hence, transmittance was highest in areas corresponding
to the top and bottom of the PBR and lowest in the areas corre-
sponding to the sides (Fig. 3B). The transmittance for the cleaned
plastic averaged 51% ± SD 7%; n = 36 (Fig. 3B; grey dashed line) as
described above.3.3.2. Impact of biofouling on algae productivity
The OMEGA-system PBRs wrapped with either the biofouled
(experimental) or cleaned (control) LLDPE PBR sheets (analyzed
above) were used to determine the impact of biofouling on algae
productivity. For eight day–night cycles the wrapped cultures were
monitored for CO2 utilization, changes in pH, ammonia uptake, and
photosynthetic efﬁciency as measured by Fast Repetition Rate
Fluorometry (FRRF) (Fig. 4A–D). The cumulative ﬂow of CO2 enter-
ing both cultures [which increased during the day, but not during
the night (Fig. 4A)] and the utilization rates of ammonia (Fig. 4C)
indicate the relative levels of photosynthesis. The CO2 used by each
culture was controlled by a pH feedback system, such that CO2 was
injected to maintain the pH below 8.25. As expected, the pH fol-
lowed a diurnal cycle (Fig. 4B). During the day, pH rose as CO2
was consumed by photosynthesis, but at night pH fell as CO2 was
released by respiration. The control system maintained the culture
pH between a nighttime low of 7.75 and daytime high of 8.5
(Fig. 4B). Ammonia consumption followed the changes observed
in photosynthesis (Fig. 4C). The photosynthetic efﬁciency (Fv/Fm)
in both cultures remained between 0.54 and 0.63, indicating that
the light levels and pH did not affect the photo-physiology of the
algae under the experimental conditions (Fig. 4D).
During the ﬁrst three light periods, the algae in the PBR
wrapped with the biofouled sheet used an average of 77% less
CO2 and 60% less NH3-N than the algae in the PBR wrapped with
the cleaned LLDPE sheet (Fig. 4A&C, red vs. blue curves). To insure
that the observed differences were a result of the wraps and not
differences between the cultures themselves, at the end of third
light period, the biofouled and cleaned wraps were swapped. This
manipulation led to a signiﬁcant decrease in CO2 use and rate of
NH3-N uptake in the newly biofouled PBR (Fig. 4A and C; blue
curve) and corresponding increase in these parameters in the clean
PBR (Fig. 4A and C; red curve). The biofouled-wrapped PBR used an
average of about 59% less CO2 and about 30% less NH4 than the
cleaned-wrapped PBR. From days 4 to 8, the optical density
(OD750) of the culture in the biofouled PBR increased about 2-fold
compared to a 2.4-fold increase for the culture in the cleaned PBR
(data not shown).3.4. Biofouling and the OMEGA system
These data clearly indicate that biofouling signiﬁcantly reduced
algae productivity because of light attenuation and conﬁrm that
OMEGA PBRs will require a cleaning system. Known antifouling
coatings or cleaning methods might be adapted for OMEGA, pro-
vided the coatings have good light transmittance and the cleaning
methods do not damage the PBRs (Callow and Callow, 2011). Some
naturally occurring antifouling compounds have relatively low
environmental toxicity and may be useful for OMEGA if large en-
ough quantities can be obtained. Silicone materials with microto-
pographies that reduce biofouling (Petronis et al., 2000) may also
be applicable, but the cost and light transmittance of these materi-
als require evaluation. Mechanical cleaning methods are likely to
be the best solution for the OMEGA system, if they are efﬁcient, en-
ergy and cost effective, and non-damaging. Whether these require-
ments are met will depend on the frequency of cleaning, which willbe site-speciﬁc and seasonal. On the basis of the observations re-
ported here, a monthly cleaning cycle may be expected.
Although biofouling on the upper surface of the OMEGA PBRs is
problematic, biofouling on the bottom of the PBRs and the OMEGA
support structures may have environmental and economic bene-
ﬁts. Submerged OMEGA surfaces provide substrate, refugia, and
habitat for sessile and associated organisms and a large-scale OME-
GA deployment may help control eutrophication by acting as a
ﬂoating ‘‘turf scrubber’’ (Mulbry et al., 2010). Algae can effectively
remove nutrients (Christenson and Sims, 2012), heavy metals and
other pollutants (deBashan and Bashan, 2010). By removing nutri-
ents from coastal waters, OMEGA may help prevent unwanted al-
gae blooms; by removing other pollutants, the system may
improve coastal water quality.
In addition to improving water quality, the OMEGA ﬂotilla will
act as a ‘‘ﬁsh aggregating device’’ or an ‘‘artiﬁcial reef,’’ both of
which increase local species diversity and expand the marine food
web (Kerckhoff et al., 2010). Observations at Moss Landing Harbor
indicated that even the small OMEGA PBRs deployed there pro-
vided sites for marine birds and sea otters to forage, rest, and play.4. Conclusion
Biofouling on candidate OMEGA PBR plastics indicated that
clear LLDPE had less biofouling, was easier to clean than PolyU,
and that opaque LLDPE and HDPE developed only thin bioﬁlms in
9-week experiments. Two LLDPE PBR designs (rectangular and
tubular) both accumulated biofouling primarily on their wetted
sides. Correlations between biomass, surface coverage, and light
transmittance revealed that both thick and thin biofouling layers
impact light transmittance, as does a harsh cleaning method.
Twelve weeks of biofouling on LLDPE decreased algae productivity,
suggesting the need for a cleaning cycle. OMEGA biofouling may
improve coastal water quality and increase local biodiversity.
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